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Fabrication of PANPs Doped TiO, Nanotubes by
Electroless Deposition as Hydrogen Sensor

Haidar Hameed Hamdan, Ghuson Hameed Mohammed

Abstract— Titania nanotubes thin films have been prepared
by electrochemical anodization of Ti foil at room temperature
(~25°C), in ethylene glycol base electrolyte with 0.5wt.% NH4F
and 4wt% deionized water at 30V at time 3hr and then
PdNPs-doped TiO2 nanotube arrays at different deposition
ratio were carried out by electroless deposition. These tubes are
well aligned and organized into high-density uniform arrays.
The average tube diameter, ranging in size from 61 to 74 nm,
the length of the tube 2.13 p, and ranging in size of wall
thickness from 21 to 29 nm. A possible growth mechanism is
presented. The TiO2 nanotubes were characterized by X-ray
diffraction (XRD), scanning electron microscope (FESEM) and
energy dispersive X-ray spectroscopy (EDX.( The gas sensing
was studied at the operating temperatures ranging from
25-350°C in different concentration hydrogen atmospheres
ranging from (15, 30, 45, 60, 75ppm) H2. It was found that the
TiO2 doped with Pd sensing film showed higher response of H2,
with faster response time (within second) than pure TiO,
sensing film. The response increased and the response time
decreased with increasing of H2 concentration.

Index Terms— Tio, Nanotubes, Anodization, Ethylene Glycol,
Electroless, Gas Sensor.

. INTRODUCTION

There is an ever-increasing demand for gas sensors in
various fields [1,2]. Particular attention has been devoted to
the monitoring of hydrogen (H2) mainly due to the wide
application of hydrogen gas in either a clean energy source or
in many chemical plants. As reported in many literatures,
metal oxide nanofilms are potential candidates for hydrogen
sensors as they played an important role in the last few years
as sensing materials for various kinds of gases [3-5].
TiO,-based gas sensors have been widely used because of
their inert surface properties and the fact their electrical
resistance could change after adsorption of hydrogen gas. For
example, highly-ordered TiO, nanotubes work as a hydrogen
sensor. Hydrogen molecules could be chemisorbed into the
grain boundaries and pick up electrons from the conduction
band to create a space charge layer among the grains. This
will lead to the formation of Schottky barriers at the grain
surfaces and thus a decrease of conductivity of the oxide
materials [6-8]. However, as a wide band gap n-type
semiconductor material, anatase TiO, (Eg ~ 3.2eV) suffers
from poor conductivity and this usually causes increased
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resistance of electronic components when working. Therefore,
it is probably hard for anatase TiO, to be considered an ideal
semiconducting material for wide use in detecting hydrogen
gas. However, it has been demonstrated that element dopants
can effectively address this problem. According to previous
reports, TiO2 doped with metal or non-metal elements
usually has a smaller grain size and a larger specific area,
which leads to enhanced sensing properties in comparison
with undoped TiO, [9-12].

The semiconductor gas sensors with metal catalysts is one
of the most commonly used techniques for enhancing the
sensitivity of gas sensors. The electrical response of a gas
sensor to the target gas depends strongly on the efficiency of
catalytic reactions of the surface of gas sensor material with
the target gas. The sensitivity of gas sensors can be enhanced
considerably by modifying the catalytic activity of the gas
sensor material using metal catalysts such as Pd, Pt, Au and
Ag [13,14].

In this study, we synthesize highly-ordered TiO, nanotubes
by anodic oxidation of titanium foil in an aqueous solution
containing 0.5wt% NHA4F at ~25°C, and investigate their
hydrogen sensing properties in terms of the temperature and
the hydrogen concentration. The hydrogen sensing
mechanism of the TiO2 nanotubes will be explained in detail.

Il. EXPERIMENTAL

A. Preparation of Titania Nanotubes TiO,

Pure titanium foil (99.7% purity, 0.25mm in thickness)
purchased from Sigma Aldrich and cut into the desired size
(20x20 mm). A direct current power supply (Agilent
E3612A) was used as the voltage source for the anodization.
The anodization process was carried out in a homemade plexi
glass cell with two electrode configuration; titanium foil as
the working electrode and 0.1 mm thick. Platinum mesh
(20x30 mm) as the counter electrode under constant potential
at room temperature (~25°C). The titanium sheets were
sonicated in acetone and ethanol each for (15) minutes,
followed by rinsing with de-ionized (DI) water to remove the
impurities and then drying in (N;) gas. The anodization set-up
is shown in Fig (1). The anodization was carried out at 30
Vdc, the cell electrolyte was (0.5wt%) of NH4F in ethylene
glycol (95.5wt%) with (4wt%) DI water at (3hours). The
prepared samples were rinsed immediately with (DI) water
for several minutes and dried with high pressure (N,) gas.
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Fig 1: Apparatus Set-Up of Titanium Anodization Experiment.

B. Preparation of PANPs/TiO, Catalysts

After anodizing of titanium, the samples were
ultrasonically cleaned in distilled water for 10-20 min to
remove surface debris. Then the TiO, nanotubes sample were
immerged into the bath for electroless deposition.

The titania nanotubes samples were immerged into two
separate solutions, solutions (A and B). One was the
palladium ion solution (solution A), which was prepared by
dissolving the palladium chloride (0.29) in
Ethylenediaminetetraacetic acid disodium salt dehydrate (4
g), the distilled water (90 ml) and aqueous ammonia (10ml)
were used to adjust the pH to the range of 10-10.6. The
solution was sonicated for 20 min until palladium chloride is
fully dissolved (orange color). Sample of titania nanotubes
were then soaked in the PdCy, solution. After several mints,
the titania samples was also washed with immersion in
distilled water.

While the other was a reducing agent solution (solution B).
The reducing agent that we used for this work was hydrazine
(10ml) with distilled water (90ml) and aqueous ammonia
(10ml), the chemical reaction started within 1min, and the
sample turned to dark silver instantaneously, then obtained
PdNPs/TiO, sample was washed also washed with
immersion in water. All this process carried out at a constant
temperature of 60 °C.

In order to reach rates fixed by weight of doping noble
metal (palladium) on the layer of titania nanotubes i.e. values
that we adopt in this paper, namely, (0.3, 0.5,0.7,0.9and 1.1
wt. %), we did more experience and solutions to the way
deposition electroless metal (palladium) and examined by
(EDX) to determine the proportion of metal doping, and we
got the conditions that lead to get these percentages of doping
metals.

C. Physical Characterization

For the structural and morphological characterization of
the anodized samples, top views were recorded by scanning
electron microscopy (FESEM) using JEOL JSM-6510LVF
FEG-SEM, (USA), and (AFM) study carried out by
(AA3000, Angstrom Advanced Inc. USA). The
crystallographic structures of the samples were determined
using Ultima IV X-ray diffractometer of 1.5406 A from Cu-k
a (supplied by Rigaku Co.), USA.

Then the hydrogen sensing measurements were carried out
using aluminum as electrodes in the temperature range of
25-150°C. The sensing element was placed in a flow type
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homemade chamber. A Keithley 6517A Electrometer/High
Resistance Meter was used to test the resistance variation of
the nanotube sensor in alternating atmospheres of air and
dilute H2 (15, 30, 45, 60, 75ppm). During the measurements,
the temperature of the sensor was controlled with a Lakeshore
340 temperature controller.

I1l. RESULTS AND DISCUSSIONS

A. Synthesis of Titania Nanotubes:

Titania nanotubes were fabricated at different conditions in
glycerol-based electrolytes and the effect of water content
was investigated. In general in the absence of water in
electrolytes and presence it, the anodization process will
suffer from lack of H+ ions and also high viscosity of the
solution which leads to the formation of titanium dioxide
layers only. The overall reaction for anodic oxidation of
titanium can be represented as [15]:

2H,0 - 0, +4e” +4HY 1)

Ti+ 0, = Ti0O; e @

In the initial stages of the anodization process,
field-assisted dissolution dominates chemical dissolution due
to the relatively large electric field across the thin oxide layer
(the resistance to the current is minimum). Small pits formed
due to the localized dissolution of the oxide, represented by
the following reaction, act as pore forming centers[15]:

Ti0, + 6F + 4H" — TiF?>, + ZH,0 ©)

The pits convert to bigger pores and the pore density
increases. Subsequently, the pores spread uniformly over the
surface, as show in SEM and AFM resulted.

The current transients recorded during anodization of Ti at
30V for 3 hours in electrolytes consisting of ethylene glycol,
0.5wt.% NHA4F, are shown in Fig (2).
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Fig 2: The current transients recorded during 3 hours of Ti

anodization at 30V.

The current-time characteristics during the Titania
formation where recorded as shown in next sections. In
general the current density starts at a high magnitude then it
reduces gradually with time then became nearly constant
(steady state), this agrees with the explanation in a previous
work [16],

Field emission scanning electron microscopy (FESEM)
images of a typical TiO, nanotubes array is shown in Fig (3a).
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The optimized anodization conditions applied have resulted
in the formation of TiO, nanotubes (hollow cylinders)
perpendicular to the substrate, were open at the top and closed
at the bottom. These TiO, nanotubes are well-aligned and
organized into a highly oriented array. From image a dark
region is visible in the middle of each nanotube probably
reflecting the hollow tubular structure.

FESEM examinations revealed that the nanotubes, with an
average diameter of = 74 nm and a height of = 3.2 um, Figs (3
b-f) shows FESEM images with different magnifications of
typical TiO, nanotube layers covered with Pd nanoparticles at
different doping ratios (0.3, 0.5, 0.7, 0.9 and 1.1 wt.%),
respectively. The electroless-deposited Pd  formed
nanoparticles, the nucleation of the Pd takes place randomly
on the surface of the nanotubes which diameter varies from
19 to 27 nm, which changes with the doping ratios, some Pd
nanoparticles were gathered on the pore openings and showed
a distribution more dense with increasing doping ratios, while
some were deposited into the nanotubes. Also we observed of
the palladium nanoparticles are located at the top edges of the
nanotubes, on their side walls and on the exterior mouth of
the TiO, nanotubes. TiO, nanotubes covered with Pd
nanoparticles with increasing of doping ratios exhibit quite a
different morphology. The Pd particles are agglomerated and
in the form of rings at the top of the nanotubes. The amount of
Pd is here so high, that it results in a visible reduction of their
internal diameter of titania nanotubes, as shown Table (1),
this agrees with the explanation in a previous work [17,18],

Table 1: The average diameter, inner diameter, wall thickness and
grain size of un-doped TiO, nanotubes and PANPs/TiO, nanotubes
at different doping ratios

[ [
Diameter Inner Wall G. Size
sample ) diameter thickness of Pd
(nm) (nm) (nm)
[ .
IUn-doped TiO, I 74 63 I 11 ==
dNPs/ I I
PdNPs/TiO, at
0.3 WLY% 76 54 22 19
PdNPs/TiO, at
I 0.5WLY% I 77 48 I 29 20
PdNPs/TiO, at
I 0.7 WL I 82 44 I 38 22
PdNPs/TiO, at
I 0.9 W% I 83 38 I 45 25
dNPs/TiO I I
PANPs/TiO; at
11 W% 84 35 49 27
Fig (4 a-f) shows the two-dimensional (2D) and

three-dimensional (3D) AFM images of the un-doped and Pd
nanoparticles-doped TiO2 nanotubes layer by electroless
deposition at ratios (0.3, 0.5, 0.7, 0.9 and 1.1 wt.%),
respectively.

The 2D images show that the films are uniform and the
titania layer surface is well covered with grains that are
almost uniformly distributed over the surface. The 3D images
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exhibit large nicely separated conical columnar grains in all
thin films. The average surface roughness and the average
grain size increases from 2.3 nm to 14.45 nm and from about
64.51 nm to 91.22 nm with increase of the Pd nanoparticles
content, as shown in Table (2). This may be due to the bigger
clusters formed by the coalescence of two or more grains, this
result is in agreement with the previous work [19,20].

Table 2: Morphological characteristics from AFM images for TiO,
nanotubes and doped PdNPs/TiO, nanotubes.

Grain Roughness Root mean
Sample size of Pd average square (RMS)
(nm) (nm) (nm)
| UndopedTio, fI == || 23 || 303 |
PdNPs/TIO, at
0.3 Wi.% 64.51 I 5.31 7.43
PdNPs/TIO, at
0.5 WL% 66.68 7.67 9.79
——————
PdNPs/TiO; at
0.7 Wt.% 72.92 10.63 12.62
——————
PANPs/TiO; at
0.9 WLY 76.25 I 12.11 14.51
PdNPs/TiO, at
11 W% 91.22 I 14.45 19.55

In general, as the doping ratios of Pd nanoparticles
increases on titania layer, the RMS and roughness of the
PdNPs/TiO, nanotubes and the grain size increase.

EDX (energy dispersive X-ray microanalysis) was
recorded in the binding energy region of 0 - 14keV. The result
is shown in Fig (5) and Table (3). The peak from the spectrum
reveals the presence of four peaks around 4.56, 0.433, 0.421
and 0.325 keV, respectively. The intense peaks are assigned
to the Ti and the less intense one to the surface TiO,. The
peaks of Pd are distinct at 2.8, 2.7 and 0.26 keV. This result
confirms the existence of Pd atoms in the TiO, nanotubes,
this agrees with the explanation in a previous work [21,22].

Table 3: Energy dispersive X-ray spectroscopy results of un-doped
TiO, nanotubes and PANPs/TiO, doped at different doping ratios

sample Titanium Oxygen Dopant
P (Ti) W% (0) W% (Ag) Wt%
—————————————
| Un-doped Tio, | 744 || 256 | 0
PdNPs/TiO, at 0.3
% 74.6 I 25.1 0.3
—————————————
PANPs/TiO, at 0.5
74.1 25.4 .
% I 5 0.5
—————————————
PdNPs/TiO, at 0.7
% 73.1 I 26.2 0.7
PdNPs/TiO, at 0.9 745 206 0.9
wt.% ' ' '
PdNPs/TiO, at 1.1 133 o5 6 011
wt.% ' ' '
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Fig 3: FESEM images of (a) un-doped TiO, nanotubes (top view),
(b) PANPs/TiO, nanotubes (top view) and (Insert of cross section) at
0.3 wt.%, (c) PANPs/TiO, nanotubes (top view) and (Insert of cross
section) at 0.5 wt.%, (d) PANPs/TiO, nanotubes (top view) and
(Insert of cross section) at 0.7 wt.%, (e) PANPs/TiO, nanotubes (top

view) and (Insert of cross section) at 0.9 wt.%, (f) PANPs/TiO,
nanotubes (top view) at 1.1 wt.%.
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Fig 4: 2D and 3D AFM images of (a) TiO, nanotubes, (b)
PdNPs/TiO, nanotubes at 0.3 wt.%, (c) PANPs/TiO, nanotubes at
0.5 wt.%, (d) PANPs/TiO, nanotubes at 0.7 wt.%, (e) PANPs/TiO,
nanotubes at 0.9 wt.%, (f) PANPs/TiO, nanotubes at 1.1 wt.%.
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Fig 5: EDX analysis of (a) un-doped TiO, nanotubes, (b)
PdNPs/TiO, nanotubes at 0.9 wt.%.

Throughout studying the X-ray diffraction spectrum, we
can understand the crystalline growth nature of TiO,
nanotubes prepared by anodization method and Pd
nanoparticles deposition on TiO2 nanotubes layers by
electroless method at different doping ratios (0.3, 0.5, 0.7, 0.9
and 1.1 wt.%).

The XRD analysis of the TiO, nanotubes and PdNPs/TiO,
nanotubes. Fig (6) shows the X-ray diffraction patterns of the
un-doped and palladium doped TiO, at different doping
ratios. From the wide angle XRD pattern, the titania samples
exist only in anatase phase, with their characteristic
diffraction peaks of 26 values.

In consequence, the prepared TiO, nanotubes (pattern a)
and PdNPs/TiO, nanotubes (pattern b-f) at different doping
ratios are well-crystallized pure anatase form. In comparison
with XRD pattern of un-doped TiO,, Pd loaded on TiO,
surface nearly has no influence on crystalline structure. Pd
phase has not been detected in the XRD patterns of
PdNPs/TiO, nanotubes, possibly because the Pd content on
TiO2 surface is not enough to form clearly crystalline, but this
can be seen when increasing the doping ratio leads to
increased (FWHM) of anatase peaks.

Or accurate interpretation, the XRD patterns didn’t show
any Pd phase (even for the 1.1 wt.% Pd-doped TiO,). This
may reveal that Pd ions are uniformly dispersed in TiO,
matrix. In the region of 26° = 10° - 80°, the shape of
diffraction peaks of the crystal planes of un-doped TiO2 is
quite similar to those of Pd/TiO, of different doping ratios.
The average crystal size of TiO, and Pd doped TiO,
nanoparticles were calculated and also, were presented in
Table (4). The average crystal size was not significantly
changed due to the addition of the Pd+2, this agrees with the
exploitation in a previous work[23-24].
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Fig 6: XRD patterns of (a) un-doped TiO, nanotubes, (b)
PdNPs/TiO, nanotubes at 0.3 wt.%, (c) PANPs/TiO, nanotubes at
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0.5 wt.%, (d) PANPs/TiO, nanotubes at 0.7 wt.%, () PANPs/TiO,
nanotubes at 0.9 wt.%, (f) PANPs/TiO, nanotubes at 1.1 wt.%.

B. Hydrogen sensing properties

Fabricated PdNPs-doped TiO, nanotubes were converted
into the gas sensor device. Finally, these devices were placed
to gas sensor testing cell.

Fig (7) shows typical response curves of the titania
nanotubes sensor tested with the reducing atmosphere
containing (75ppm) hydrogen in air. It was found that the
titania nanotube sensor presented a good response working at
temperatures (50-300°C). The resistance of sensor increased
rapidly after exposure to hydrogen-containing atmosphere.
The sensor presented a linear drift of the sensor’s resistance.
At the relatively lower working temperature of 100°C, the
response time (the time required for the sensor to reach 90%
of the saturation value) of the PANPs-doped TiO, nanotube
was around 100 seconds and a change in resistance was
found. After the working temperature increased to 200°C, the
response time was still around 80 seconds but the change in
resistance increased.

The sensitivity, response and recovery characteristics of
the sensor device have been studied by measuring the change
in resistance, in the ambient and reducing gas atmosphere.
The gas detection sensitivity (S) of the sensor device has been
evaluated using the relation[26]:

5= (R.—Ry)/R, N )|

where Ra and Rg are resistance values of the sensor device
in the ambient and reducing gas atmosphere, respectively.

Gas sensing tests were conducted by measuring the change
in resistance under gas exposure in a temperature range from
room temperature to 300°C, where the maximum sensitivity
about 59% was obtained at 250°C, as shown in Fig (2).
Sensitivity at temperatures higher than 250°C were not
reported because the change in resistance was very small at
higher temperatures. We found the conductivity of sensor
increased at 250°C, thereby resistance decreased by a factor
of three, whereas maximum sensitivity obtained up to the
saturation at this temperature level. The optimum
temperature for the sensor was 250°C, beyond which the
sensor sensitivity was degrade because of the dissociation
activity of H2 with PANPs/TiO,. At higher temperature the
reactivity rate decreased with hydrogen adsorption and
desorption and the sensor failed to reach an equilibrium state
[27]. Fig (8) elucidates dynamic repeatable signal with the
short response time (tres) and recovery time (trec) for sensor
device under (75ppm) H2 at 250°C. There was a dramatic
change in response/recovery time after 100°C, as described
before by chemical bonding study [5].When the sensor was in
hydrogen off-state, the open surface of PANPs/TiO, adsorbed
oxygen adsorbates, such as 02-, O- and O2. Surface
chemisorbed oxygen vacancies depend ubiquitously on grain
size and closed pack facets which drastically varies with
temperature. At low temperatures the adsorbates remain in a
weak physisorbed bonding state with sensor surface. The
more the temperatures the more strength gets the bonding
between chemisorbed ions and the surface [27]. However,
each grain size on the surface has its own capability for
adsorbing oxygen ions and the sensor reaches its maximum
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saturation level by balancing the H, adsorption reactivity with
temperature; thus, sensor response/recovery time may
fluctuate due to incomplete desorption of gas [28].
Subsequently at 300°C the device response was smaller than
at 250°C and reached 16% after long response/recovery
times. The dynamic response of the PANPs/TiO, based sensor
is given in Fig (9) with (15, 30, 45, 60, 75ppm) gas
concentration.
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Fig 7: Sensitivity with different working temperatures of the(a)
un-doped TiO, nanotubes, (b) PANPs/TiO, nanotubes at 0.3 wt.%,
(c) PANPs/TiO, nanotubes at 0.5 wt.%, (d) PANPs/TiO, nanotubes
at 0.7 wt.%, (e) PANPs/TiO, nanotubes at 0.9 wt.%, (f) PANPs/TiO,
nanotubes at 1.1 wt.%.
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Fig 8: Response time of the PANPs/TiO, with concentration (0.9
wt.%) at different working temperatures.
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Fig 9: Sensitivity behavior of PANPs/TiO, thin film at (0.9
wt.%) to thin film to different hydrogen concentrations. The
bias voltage was 6 v with the temperature set to 200°C.

IV. CONCLOSIONS

Semiconductor gas sensors based on nano-crystalline TiO2
nanotube thin films are fabricated with the anodization
method. palladium doped of titania nanotubes by electroless
deposition process. The deposition of PANPs via electroless
method here was found to be an effective method to titania
nanotubes for gas sensor. Round-shaped and uniformly
distributed nanoparticles were deposited on the surface of the
pore walls of titania nanotubes. Tunability of the
concentration of nanoparticles on the titania surface can be
achieved by changing the deposition time of PdCI2 or time of
immersion of titania sample in the deposition solution. The
EDX and FESEM analysis showed the presence of metallic
Pd in the pores, and no chlorine was detected.

The PdNPs for hydrogen sensing applications lies in the
fact that the hydrogen dissociation occurs on Pd while the
reactions resulting in resistance changes take place on the
metal oxides. In other words, the specially separated
step-wise reactions need a highly efficient path way to deliver
the dissociated hydrogen atoms generated by the first step for
the next step reaction. the novelty of this sensor reflects in
the fact that a high and fast response can be obtained even
when the working temperature is as low as 50-75C. The
greatly enhanced hydrogen sensing performance of the
directly formed composite indicates that the direct formation
of shape-controlled Pd nanocrystals on metal oxides may be
an effective and workable strategy to fabricate
high-performance low-temperature hydrogen sensors. The
sensor response was measured and analyzed for H2
concentrations at (15, 30, 45, 60, 75ppm) in the temperature
range (25 — 300°C) .

The sensor fabricated from these PANPs/TiO2 exhibited
high sensitivity and rapid response/recovery to hydrogen at
250 °C. The highest sensitivity was about 81% when the
sensor was exposed to 75 ppm, and the response and recovery
times were about 20 and 30 s, respectively. The PANPs/TiO2
sensors showed fast response times toward hydrogen even at
low operating temperatures. These results demonstrate that
Pd doped TiO2 nanotubes can be used as the sensing material
for fabricating high performance hydrogen sensors. Besides,
hydrogen gas sensing mechanism of the sensor was studied
and a model proposed.
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